Abstract -Quantum state transfer is crucial for quantum information processing and quantum computation. Here, we propose a hybrid optomechanical system capable of coupling a qubit, an optical mode and a mechanical oscillator. The displacement of the mechanical oscillator,due to radiation pressure, induces spatial variation in the cavity field, which in turn couples the qubit with phonon mode. This allows state transfer between the cavity mode and the qubit without an actual interaction between them. We present a scheme for the transitionless quantum state transfer based on the transitionless quantum driving algorithm allowing us to achieve perfect state transfer.
Introduction. -High fidelity quantum state transfer (QST) is essential for the implementation of scalable quantum computation and quantum communication protocols [1] . In fact, this is the central goal in various schemes related to quantum networks [2, 7] . Numerous quantum state transfer schemes and protocols have been proposed and studies in many physical systems [2] [3] [4] [5] [6] . Recently, quantum optomechanical systems (OMS) have drawn tremendous research interest due to its potential as a promising platform for quantum information processing related applications [7, 16] . In particular, hybrid quantum optomechanical systems owing to the versatility of optical and mechanical components in coupling to different systems such as spins, cold atoms, superconducting qubits, etc. are highly in focus [7] [8] [9] [10] . It is clear that quantum state transfer between various modes in OMS is a topic of great research interest [11, 12] . QST is usually achieved by adiabatic evolution of the dark eigenstate, which can withstand variation of experimental conditions.In the context of optomechanical systems, QST is mostly done by the so-called stimulated Raman adiabatic passage (STIRAP) protocols [14] . However the process requires large operational time to satisfy the adiabatic condition, hence falls prey of inevitable leakage of quantum information leading to decoherence [16] . Recently various shortcut to adiabaticity (STA) approaches have been proposed which allows one to cancel the unwanted transitions between eigenstates by applying precisely controlled external fields [16] . One such approach is the so-called transitionless quantum driving (TQD). The TQD process involves simple calculation and is easy to implement in experiments. It has been demonstrated in some experiments and produces high fidelity state transfer, with low dependence on controlling parameters and robust to mechanical dissipation. In this work, we propose a phonon mediated quantum state transfer scheme to have a fast and robust state transfer between a photon and a qubit. tors. The optical cavities are connected to each other by a oscillating mirror/ membrane of frequency ω m in between them,b being the annihilation operator of the mechanical/phonon mode. The second cavity consists of a two level atom/ qubit with frequency ω A in it. The Hamiltonian of the system [17, 18] could be written as ( = 1)
whereσ + = |e g|,σ − = |g e| andσ z = |e e| − |g g| are the operators describing the qubit. The vacuum optomechanical coupling strengths between the modeâ 1 (â 2 ) andb is described by g 1 (g 2 ), while the atomphoton coupling is denoted by g . In the interaction picture, transforming the Hamiltonian in (1) as
where ∆ c = ω c2 − ω c1 . Now we apply mean field approximation to the cavity modes asâ i = √ n i + δâ i , with i = 1, 2. We consider pumping the second cavity with a large field such that n 2 1 and we can neglect its fluctuations as δa 2 → 0. Next, we consider the situation where the displacement of the central membrane causes variation in the cavity field distribution. As a result, the atomcavity coupling rate becomes dependent on the position of the oscillator [17, 18] . Thus we may write the coupling rate as g (x) = g (0) + (∂g /∂x)| x=0x , wherex = x ZP F (b + b † ). In case of mechanical equilibrium g (0) = 0. Therefore, under RWA, the Hamiltonian in (2) could be rewritten as:
where
term −g 2 (b+b † )n 2 denotes average radiation pressure field and can be neglected by shifting the displacement's origin and modifying the detuning ∆ c by adding a constant term to it [7] . The term ∆ c n 2 along with the term added to it are constants and can be safely neglected without affecting the dynamics of the system. Further, the cavity-qubit and the optomechanical coupling parameters can be related as follows. We have g 1 = √ n 1 (∂ω c1 /∂x)x ZP F for the first cavity, while g 2 = √ n 2 (∂ω c2 /∂x)x ZP F for the second cavity. Again, we know g = α √ ω c2 , α being some constant [13] . Therefore,
γ being some other constant, which signifies the strength of the coupling. Thus eliminating theâ 2 mode completely from the equation, and writing: δâ 1 ≡â and ω c1 ≡ ω c , the Hamiltonian in (3) could finally be put in the following form:
+ γg 2 (bσ + +b †σ − ) (4) In this work, we consider the following Vitanov-type timedependent coupling [19] parameters:
Here, v denotes the duration of the coupling strength. It is worthwhile to note that the Vitanove-type of coupling is used to optimize the adiabatic passage like, STIRAP, to maximise fidelity and minimise non-adiabatic transitions [15] . The results are depicted in Fig.2 . It could be observed that, when the coupling strength is varied slowly/adiabatically as in case of v = 0.25, we can achieve an almost perfect population transfer. However when it evolved rapidly/non-adiabatically, the system transits into intermediate states and fails to achieve a perfect population transfer. In order to solve this problem, in the next section, we apply the transitionless quantum driving (TQD) algorithm [20] to the system.
p-2
Transitionless quantum state transfer in a hybrid optomechanical system Population transfer via TQD algorithm. -To begin with, we take the interacting part of the Hamiltonian (4) as follows:
We consider the following basis vectors, with (|φ = |â |b |σ ):
The Hamiltonian is then expanded in the above basis, and in the matrix form, the Hamiltonian (5) takes the following form:
It has the following eigenfunctions,
with eigenvalues 0, −g 0 and g 0 respectively, where
On applying the TQD algorithm [20] , we derive the following new Hamiltonian, Fig.3 depicts the simulation of the quantum state transfer with this new Hamiltonian, i.e. the TQD algorithm for various values of the v-parameter. It can be seen that one can now seamlessly transfer population from |φ 1 to |φ 3 state without exciting |φ 2 state in the process, making it transitionless. We find that, as the duration of the coupling strength v increases,it is possible to obtain very fast population transfer. In fact, the parameter v could be used to control the fastness of the population transfer.
Fidelity of state transfer. -The process discussed till now was lossless. When we consider a non conservative interaction, one need to take into account the finite decay rates of the cavity, mechanical mode and the qubit. This could be done by considering the so-called quantum master equation.To study the dynamics, we solve the master equation [21] of the following form, where
. κ and γ m are the decay rates of the cavity and the mechanical oscillator respectively, Γ is the decay rate of qubit and n th the average number of phonons in the external bath. Further, the fidelity of state transfer is calculated as F = 01| tr m (ρ) |01 where tr m (ρ) is the reduced density matrix, after tracing out the mechanical mode. |01 state denotes the fact that there are 0 photons in cavity 1, while the qubit is in the excited state [19] . The results are illustrated in Fig. 4 . Also the variation of the fidelity with the cavity and atom decay rates is shown in Fig. 5 . It is quite clear that the proposed quantum state transfer protocol is fairly robust even in the presence of cavity and atom decay. Hence, it is possible to seamlessly transfer a quantum state from photon to a qubit mediated by phonons with the proposed method. These form of interaction is further assisted by the high phonon-qubit coupling strength than the usual photon-qubit one. Experimentally, it can be achieved by using independently controllable coupling parameters. The optomechanical coupling strength is modulated by varying the length of the cavity. For instance, this can be achieved, as suggested in [22] by varying the dimpled fiber taper attached to the central mirror by some nano positioner. The lengths of the two cavities could be independently modulated to result in different g 1 (t) and g 2 (t). Moreover, to keep the photon number high in the second cavity, it can be irradiated with a strong laser. In order to execute the TQD process, the coupling parameters are varied according to G(t) to simulate H T QD [23] .
p-3 Conclusions. -We have proposed a method to transfer quantum state from photon to a qubit mediated by phonons with high fidelity. The displacement of the mechanical oscillator,due to radiation pressure, induces spatial variation in the cavity field, which in turn couples the qubit with phonon mode. This allows state transfer between the cavity mode and the qubit without an actual interaction between them. The scheme, based on the transitionless quantum driving algorithm, is capable of efficient and robust state transfer even in the presence of finite cavity and atom decay rates.
